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Introduction {#sec005}
============

Ultrasound is generally considered a safe imaging modality in obstetrics. \[[@pone.0135717.ref001]--[@pone.0135717.ref003]\] However, when ultrasound travels through tissue, energy is absorbed by the tissue components and converted to heat dependent on frequency and intensity.\[[@pone.0135717.ref004]\] These thermal effects may alter the equilibrium between chemical reactions and therefore may consequently harm the surrounding tissue. \[[@pone.0135717.ref005]--[@pone.0135717.ref010]\] The official joint statement by the World Federation of Ultrasound in Medicine and Biology (WFUMB) and the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) on the use of Doppler pregnancy in early pregnancy states that the use of medical ultrasound in obstetrics is safe for B and M modes, but reservations are expressed for Doppler, especially spectral and colour Doppler. \[[@pone.0135717.ref011]--[@pone.0135717.ref013]\] Also the American Institute of Ultrasound in Medicine (AIUM) states reservations regarding the use of ultrasound in early pregnancy. Even though no congenital anomalies could be clearly associated with ultrasound use, bioeffects may be more subtle and/or have a low incidence. As these effects are difficult to detect with epidemiologic studies, the AIUM stresses on the importance of further laboratory studies to clearly identify physical mechanisms of ultrasound in early pregnancy. \[[@pone.0135717.ref014]\]

Consequently education of ultrasound operators stresses, that pulsed wave Doppler (PW-Doppler) examination produces high-energy acoustic outputs and should not be used in the early first trimester of pregnancy due to the risk of potential damage to the fragile embryo. \[[@pone.0135717.ref015]--[@pone.0135717.ref018]\] Therefore doppler ultrasound should only be performed in case of a valid medical indication, and the lowest possible ultrasonic exposure setting should be used. \[[@pone.0135717.ref002],[@pone.0135717.ref009],[@pone.0135717.ref016],[@pone.0135717.ref019]\]

In 1993 the American Federal Drugs Administration (FDA) raised the upper spatial-peak temporal-average (I~SPTA~) limit of commercially available ultrasound devices from 94mW/cm^2^ to 720 mW/cm^2^. Since that time all Ultrasound-monitors have to display two safety indices. The thermal index (TI) is the ratio of the power used to that required to produce a temperature rise of 1°C. A higher TI value indicates a higher heating potential of the US probe and subsequently a higher actual risk for tissue damage, however, a TI of 1 does not automatically imply a temperature increase of 1°C at any location within the ultrasound field.\[[@pone.0135717.ref014]\]

There are three sub-indices, the thermal index in soft tissue (TIS), the thermal index in bone (TIB), and the thermal index in the cranium (TIC). TIS assumes that the ultrasound only reaches soft tissue, like during ultrasound in the first trimester, whereas TIB should be appropriately displayed during second and third trimester. TIC assumes that the transducer is very close to bone and applies in neonatal, pediatric and adult patients. The second index that has to be displayed is the mechanical index (MI), which is intended to offer a guide to the likelihood of a nonthermal bioeffect including cavitation and is related to the intensity of the pulse. \[[@pone.0135717.ref011],[@pone.0135717.ref020]--[@pone.0135717.ref022]\]

The BMUS safety guidelines state that a MI over 0.3 may increase the risk of capillary bleeding, and a MI higher than 0.7 may cause cavitation. Therefore it is advised to limit the MI under 0,7 when embryonic tissue is scanned.

If subliminal physical changes are happening during scanning at increased intensity levels, potential effects may not become apparent. In this in- vitro study we aimed to investigate the thermal effects of different ultrasound machines and the resulting change of temperature in the tissue surrounding the probe. Simulating a realistic setting in which the ultrasound user is not trained in specific sub- settings of the ultrasound machine (TIS/TIB/TIC), we wanted to demonstrate the maximum energy output one can reach when using different ultrasound probes (vaginal and abdominal) at different settings.

Material and Methods {#sec006}
====================

Three different ultrasound machines, which were all available at the Department of Obstetrics and Gynaecology (Medical University of Vienna), were used for the conduction of this experiment: GE Voluson E8, Siemens Versa Pro, and Aloka Prosound alpha 7.

Of these ultrasound machines we investigated both vaginal and abdominal probes. ([Table 1](#pone.0135717.t001){ref-type="table"})

10.1371/journal.pone.0135717.t001

###### Investigated ultrasound machines and vaginal/ abdominal probes.

![](pone.0135717.t001){#pone.0135717.t001g}

  Ultrasound machine       Probe
  ------------------------ -------------------------
  GE Voluson E8            IC 5-9D (2D vaginal)
                           RIC 6-12D (vaginal)
                           RAB 4-8D (3D abdominal)
  Siemens Versa Pro        6,5 EV13
                           3,5 C40
  Aloka Prosound alpha 7   TV 4--8 (vaginal)
                           TV 3D (vaginal)
                           CV 4--8

For the in-vitro tests two special test objects were developed at the Center for Medical Physics and Biomedical Engineering (Medical University of Vienna).

One test object was a water- filled persplex cube, which contained 4 thermal micro sensors (Betatherm Ltd.) in 4 different equidistant depths (2--5 cm). For each testing, the specific probe was placed at the surface of the water bath object in a manner that all thermal sensors were within the ultrasound beam ([Fig 1](#pone.0135717.g001){ref-type="fig"})In order to prevent multi-reflexions or standing waves, the bottom of the water- filled test object was covered with a high effective damping material (Aptflex, Precision Acoustics, UK).

![Waterbath test object.\
Water- filled persplex cube, which contained 4 thermal micro sensors (Betatherm Ltd.) in 4 different equidistant depths (2--5 cm). For each testing, the specific probe was placed at the surface of the water bath object in a manner that all thermal sensors were within the ultrasound beam.](pone.0135717.g001){#pone.0135717.g001}

The thermal sensors had a diameter of 0.46 mm and a length of the active area of 3.18 mm with a rapid thermal response time of 200 ms. All sensors were connected via a multiplexer and an A/D-converter (10 bit, National Instruments) to a PC. The data from the sensors (sampling rate 5 Hz) were visualized and stored with a custom-made acquisition program using DASYLab 1992--2013 (National Instruments Ireland Resources Limited). During the developing process the sensors were calibrated over a temperature range of 15--50°C with an overall tolerance of ± 0.2°C.

During pretests, the settings of each ultrasound machine system were changed to obtain the maximum of the displayed Thermal Index (TI) value available with each probe and console.

These pretests were done in order to simulate reality in which any user of the ultrasound device can change the settings individually. The resulting set-ups were then documented together with the displayed TI and Mechanical Index (MI) values and used for the following measurements.

After positioning of the non-emitting probe on the test object, the sample volume and the focus were directed to the depth of the second sensor (at 3 cm).

This was done to show that the heating of the sensor was not influenced by the probes' surface, but only by the settings of the probe. This was confirmed as the sensor closest to the probe (2 cm), did not reach the temperature as the second sensor down below (3 cm).

The Doppler path was arranged in a way that all thermal sensors (2--5 cm) were touched from that virtual line.

The ultrasound system was then unfrozen and the heating profile was measured over 1 minute for all sensors. This process was repeated 2 times after a cooling down phase of 5 minutes.

For the surface heating measurements, a second test object was developed similar to the first one, but containing hydrogel instead of water. All sides and the bottom of the persplex cube were covered with the same damping material (Aptflex, Precision Acoustics, UK). At the probe´s surface specifically the region, which contains the active elements for the chosen mode is heating up very quickly.The surface heating of the different probes was measured via a sensor, which was attached to the probe's surface within the Doppler sound path ([Fig 2](#pone.0135717.g002){ref-type="fig"}).

![Surface heating test object.\
Persplex cube containing hydrogel; sides covered with damping material (Aptflex, Precision Acoustics, UK). Surface heating of the different probes was measured via a sensor, which was attached to the probe's surface within the Doppler sound path.](pone.0135717.g002){#pone.0135717.g002}

In total we investigated the surface heating of 5 different probes of 2 systems (TV 4--8, CV 4--8: Aloka; RAB 4--8 ABD, IC 5-9D, RIC 6--12: GE).

During the experiment, each probe was emitting for 5 minutes into the absorbing test object with 3 different TI/MI settings in Spectral Doppler mode and Transcranial Doppler program to allow highest system output values.

Institutional Review Board (IRB) approval was not required for this study.

Results {#sec007}
=======

Water bath measurements {#sec008}
-----------------------

The results of all measurements and probes show a variation of 0,1 to 1.0°C, dependent on probe, setting and focus.

[Table 2](#pone.0135717.t002){ref-type="table"} shows the maximal temperature increases after 1 min with special TI/MI settings in the water bath model.

10.1371/journal.pone.0135717.t002

###### Water bath model.

Maximal temperature increase after 1 minute at different TI/ MI settings.

![](pone.0135717.t002){#pone.0135717.t002g}

  Probe                                Max.TI (TIS/TIB/TIC)   MI       Mode      Max. temp. Increase at 1 min (°C)
  ------------------------------------ ---------------------- -------- --------- -----------------------------------
  IC5-9D (GE)                          -/-/1.0                0.2      SD + CD   +0.1
                                       -/-/0.7                \-       SD+CD     \+ 0.1
                                       -/-/0.8                0.4      SD        +0.2--0.3
                                       -/-/0.7                0.2      SD        +0.5
  RIC-12D (GE)                         0.2/-/-                0.1      SD        +0.1 (Foc S1)
                                       0.4/-/-                0.1      SD        +0.1 (Foc S2)
                                       0.2/-/-                0.6      SD+CD     0.0
  RAB 4-8D (GE)                        0.2/-/-                0.6      SD        +0.3 (Foc S3)
                                       0.4/-/-                0.7      SD        +0.2 (Foc S2)
                                       0.2/-/-                1.2      SD+CD     +0.1 (Foc S2)
                                       -/-/0.6                0.4      SD        +0.2 (Foc S2)
                                       -/-/0.6                0.2      SD+CD     +0.1
  6,5EV13 (Siemens)                    0.6/2.0/-              0.6      SD        +0.6 (Foc S2)
  3,5C40 (Siemens)                     1.0/3.5/-              \< 0.4   SD        +0.5 (Foc S2)
                                       1.5/4.5/-              0.6      SD        +0.5 (foc S3)
                                       1.5/-/-                \-       SD        +0.3 (Foc S3)
                                       -/3.5/-                \-       SD        +1.0 (Foc S3)
                                       -/3.5/-                \-       SD        +0.8 (Foc S4)
  TV 4--8 (Aloka)                      \<0.4/-/-              1.1      SD        +0.1 (Foc S2)
                                       -/0.8/-                0.75     SD        +0.2 (Foc S2)
                                       -/0.8/-                0.75     SD+CD     +0.2 (Foc S2)
  TV-3D (Aloka)                        -/2.2/-                0.95     SD+CD     +0.4(FocS2)
                                       -/1.4/-                1,2      SD+CD     +0.3 (FocS2)
                                       -/2.4/-                1.1      SD+CD     +0.4 (focS2)
  Convex Sector (UST-9115-5) (Aloka)   -/2.2/-                0.85     SD+CD     +0.2 (FocS2)
                                       -/1.0/-                0.65     SD+CD     +0.1 (FocS2)

TI is displayed as the TI setting, at which the highest temperature increase could be measured (e.g. probe IC5-9D: TIC setting showed a larger increase in temperature in all measurements compared to TIS or TIB); (TIS) Thermal Index Soft- Tissue (TIB) Thermal Index Bone (TIC) Thermal Index Cranium; Spectral Mode (SD), Colour Mode (CD)

Surface heating measurements {#sec009}
----------------------------

We could measure values up to 2.4°C increase of temperature within five minutes of emission. ([Table 3](#pone.0135717.t003){ref-type="table"}) We could observe a trend, that probes with an active element count of 145 to 192 showed maximal temperature increases in the surface heating test.

10.1371/journal.pone.0135717.t003

###### Surface heating of probes within 5 minutes of spectral- Doppler and color Doppler emission.

![](pone.0135717.t003){#pone.0135717.t003g}

  Probe               TIB         MI     Mode    temp. increase within 5 min \[°C\]
  ------------------- ----------- ------ ------- ------------------------------------
  TV 4--8 (Aloka)     0.6         0.61   SD      \+ 1.5
                      0.8         0.61   SD      \+ 1.7
                      1.0         0.73   SD      \+ 2.4
  TV 4--8 (Aloka)     0.8         0.63   SD+CD   \+ 2.4(4--5 mm away): + 0.9
  CV 4--8 (Aloka)     \<0.4       0.73   SD+CD   \+ 1.2
  RAB 4--8 ABD (GE)   TIC = 0.7   0.4    SD+CD   \+ 1.4
                      TIC = 0.1   0.3    SD+CD   +0.6
                      TIC = 0.6   0.3    SD+CD   \+ 1.1
  IC 5-9D (GE)        TI = 0.5    0.3    SD+CD   +0.6
  RIC 6--12 (GE)      TI = 0.2    0.7    SD+CD   +2.5

In total, five of the investigated probes (Aloka and Siemens) exceeded the recommended threshold levels of TI for routine ultrasound investigation, which is given by the British Medical Ultrasound Society (BMUS). \[[@pone.0135717.ref023]\]

The highest temperature increases were observed in the surface heating tests, whereas lower increases were shown in the water bath test.

Discussion {#sec010}
==========

The temperature increase depends on the special modes chosen (color (CD), Spectral (SD), combination) and is slightly highest for spectral Doppler mode alone. It furthermore depends on the focal and sample volume positions within the field: if both positions coincided and a sensor was within the position, a maximum temperature increase could be measured. The sensors above or below measured lower increases. Furthermore, probes with increasing number of active elements showed a maximum MI change, whereas it remains unclear whether the number of active elements influences the TI.

Our results showed that measured temperature rise and TI are not directly related. The TI is a calculated value, which allows only a rough estimation of temperature increase. For the user of an ultrasound system it might therefore be hard to estimate where the highest temperature increases could occur within the sound field. Additionally the temperature increase varies from system settings and probe used.

In the course of this study, we focused on the TI, but did not investigate the MI. Therefore, our results are solemnly related to the measurement of temperature rise via temperature receptors, but not to the mechanical effects that are caused by the intensity of the pulse released from the ultrasound probe.

However, temperature rise caused by Doppler ultrasound may produce a biothermal effect on tissue.

Epidemiological studies in the human population have shown, although controversial, that there might be an association between ultrasound exposure in pregnancy and some traits such as left handedness, lower birth weight and delayed speech. \[[@pone.0135717.ref024],[@pone.0135717.ref025]\] A recent study in mice furthermore suggested a potential correlation to autism, as pups, which were exposed to intra- uterine ultrasound showed significantly less interest in social interaction compared to the sham group. \[[@pone.0135717.ref026]\]

Thermally induced bioeffects of ultrasound, which may even lead to teratogenesis, have already been suggested in a variety of studies, including in vitro and animal studies. \[[@pone.0135717.ref008],[@pone.0135717.ref010],[@pone.0135717.ref016],[@pone.0135717.ref024],[@pone.0135717.ref027]--[@pone.0135717.ref031]\]

In the results section we could demonstrate the highest temperature increase during the surface heating test. This finding might be specifically relevant for the use of vaginal probes during early pregnancy, as the probes' surface is placed at a close localization to the embryo.

One of the limitations of this study is that due to ethical reasons, it is not justifiable to test thermic effects by Doppler ultrasound on human live embryos- we are therefore dependent on assumptions resulting from animal studies and theoretical research models. Therefore, a weakness of our study is that we cannot directly draw a clinical conclusion from this in- vitro study on early pregnancy effects of Doppler ultrasound. In our in-vitro study we experimented with different TI settings, and also TI settings, which are not supposed to be used in early pregnancy scans, in order to demonstrate highest possible increases in heat. Ultrasound scanning is routinely done in early pregnancy, however in reality not all ultrasound examiners may be skilled in the use of ultrasound machines and may therefore accidentally work with TI settings which are not appropriate in early pregnancy.

On the other hand, our experimental setting could not consider the specific maternal and fetal in-vivo physiology. Produced heat by the ultrasound probe may immediately be dissipated through maternal and/or fetal blood circulation. We also did not reproduce the layers of tissue normally separating the ultrasound probe from the early pregnancy, including amniotic fluid. However, in our water bath measurement we could show that heating of the sensor was not influenced by the probes' surface, but only by the settings of the probe. The sensor on which the focus was directed reached a higher temperature than the sensor closer to the probes' surface. These results may suggest that barriers of tissue between the probe and the early pregnancy may be irrelevant when the focus is set on the fetus.

One strength of the current study is that the in- vitro experiment was conducted in a cooperative setting between the Department of Gynecology and the Department of Medical Physics, which therefore includes a clinical as well as technical perspective.

We conclude that guidelines on the safe use of Doppler ultrasound should be closely followed as Doppler may increase temperature of surrounding tissue, which could have unkown effects to the embryo. Our in-vitro experiment showed that at activation of Doppler ultrasound, temperature in situ was rising up to 1°C within one minute during the waterbath test. Therefore Doppler ultrasound in early pregnancy should only be applied when needed and within the shortest time possible With this study we can confirm the BMUS consensus paper on the safe use of Doppler ultrasound in early pregnancy.

Supporting Information {#sec011}
======================

###### Raw data for water bath measurement and surface heating measurement.

(ZIP)

###### 

Click here for additional data file.
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